Abstract: This paper presents a method that can be used to rank disconnectors in the electric power system, according to the condition of one of the most critical parts, the contacts. The temperature of the contacts can be continuously measured by a new type of infrared sensor. For the case study, 54 sensors were placed on six disconnectors together with reference sensors measuring the ambient temperature. The measured temperature at each contact is then regressed against the ambient temperature and the current through the disconnector. Both a linear and a quadratic dependency of the current are tested and the quadratic one explains the data best. The coefficient of the current serves as a measure of the condition of the contact. Then, it becomes possible to identify in which contacts the resistance has increased the most. As a consequence, it is possible to make better maintenance decisions for the disconnectors.
Introduction

Background
The electric power transmission grid consists of the overhead lines and cables connecting generators and substations. It transmits electric power across large distances with the highest voltages in the electric grid. Therefore, it has to be reliable and it has an availability of at least 99.999% in Sweden. To achieve such a high availability, the number of planned outages for maintenance must be reduced, but at the same time the equipment should be in a good condition to avoid outages due to failure. In the two most northern electric areas of Sweden, where a large amount of hydropower is produced, it is challenging to plan outages in order to carry out maintenance or to connect new equipment, since the network capacity is nearly fully utilised. This problem is expected to increase even further in the near future [Svenska kraftnät, (2013), pp.61-67] .
Two major blackouts in 1983 and 2003 in Sweden were caused by overheated disconnector contacts [Andersson et al., (2005 [Andersson et al., ( ), p.1984 Eriksson, 2005] . The disconnectors are found at substations and they are opened during maintenance in order to isolate other equipment from high voltages. Thus the disconnectors contain electric contacts, whose resistance can increase due to degradation. When the resistance is too high, too much power is dissipated, which can lead to damage in the material and eventually to a failure. In order to prevent failures and to plan the maintenance, the resistance of the contacts can be monitored and used as a condition measure of the disconnector. There is a relatively long chain of events and analysis needed to make rational decisions about maintenance. We call this chain the reliability chain and it is illustrated in Figure 1 . One possibility to measure the resistance, R, of an electric contact is to use the definition, that is, the voltage V divided by the current I, a variant of Ohm's law, R = V/I. Stanisic (2011) presents an equipment to measure the resistance according to this method. The problem is that the disconnector has to be completely without voltage, which normally means that the whole line to the substation needs to be disconnected at the other end. As it will decrease the transmission capacity of the grid, it can only be done with a long time interval such as every five years or more seldom. Also the voltages used at that kind of measurement are quite low, so the measured resistance might differ from the actual resistance at the operating voltage of the disconnector. There are also instruments that can measure the voltage drop across a contact with live equipment, but they do not withstand the high voltages in the transmission network.
Another possibility is to measure the resistance indirectly, for example as an increase of temperature. It can be done with temperature sensors or by thermography, i.e., using a camera that captures infrared radiation. It has been shown that the correlation between the temperature rise and the resistance is around 0.9 (Braunovic et al., 2009) , so any of these parameters can be utilised. Braunovic et al. (2005) have deduced formulas that express how the contact resistance increases with time due to oxidation. The formulas predict sometimes a sharp increase of the resistances a function of time, sometimes just a linear growth, depending on the distribution of contact spots between the two conductors. The formulas are based on the theories of the physics of electrical contacts presented in Holm (1967) . Muhr et al. (2006) studied experimentally the temperature of contact contacts with varying currents and wind speeds using thermography. Jadin and Taib (2012) provided a review of thermography for diagnosing electrical equipment. They conclude that thermography is useful for detecting hot spots, but that it requires skill to interpret the images. Bagavathiappan et al. (2013) have made another review of thermography that covers different technical areas, with a list of 20 articles in electrical engineering. Now new computer-based programs have been developed which make the monitoring faster and do not require skilled staff. For example, Huda and Taib (2013) described a method to detect if a device is defective or not based on a thermographical image, which makes the interpretation of the images easier, although this method still requires some manual work to indicate which part of the image the program should process. With further development, it should be possible to automatise the image recognition. Korendo and Florkowski (2001) presented a toolbox for analysing infrared images, which also is able to detect trends. Still it is necessary to preselect the regions to be analysed.
As thermography normally requires that a technician visits the substation, it is not uncommon to make the measurements when the current is low, which gives a low accuracy according to Lindquist et al. (2005) . In addition, it is difficult to get an absolute temperature value, since the camera should be used at the same spot and with the same angle to get repeatable measurements. Consequently, thermography is good for comparison between different parts of a substation at a given time. A strategy for inspection with thermography has been developed earlier by Lindquist and Bertling (2007) .
Since the measurements with thermography are not easily repeatable nor carried out frequently, a new method to measure the temperature has been developed. There are descriptions of systems with temperature sensors (Zhang et al., 2012; Huang et al., 2011) . Both papers tell mostly about the structure of the system and the wireless transmission of data. Their sensors are conventional thermistors, so they measure the temperature as a change in resistance in a semiconductor, and the sensors are powered by induction. Shi et al. (2002) use a thermopile, which is an advantage since it directly compares the temperature of the object to be monitored with the ambient temperature. These papers do not explain how the monitored data should be interpreted.
It is possible to inspect the time series of the temperature in different parts of an electrical device and deduce the cause of a temperature rise as shown by Chudnovsky (2007) . As a next step, that paper shows that a higher slope between temperature rise and current indicates a defective contact, when calculating the linear regression monthly. There are illustrative examples of temperature curves and their interpretation. For example, Livshitz et al. (2005) describe in detail both the measurement system and the presentation of the data in a monitoring system, which shows trends and creates alarms. Livshitz et al. (2005) also test models to explain the temperature rise with the current. They find that a quadratic dependency on current is better than a linear one. Chudnovsky et al. (2008) present a regression model with an additional factor in the coefficient of the squared current that expresses the aging of contacts. This factor causes an increase of the temperature. They show also that it is important to measure near the contacts.
Since IR sensors have become cheaper and they have a long battery life due to low power consumption, they are a good complement to thermography since they measure the temperature more often and thus they can get measurements with higher loads than with thermography. Furthermore, there is no difference in position or in angle between different measurements, since they are fixed, and there is no extra layer of image processing, as the contacts only look at the same point and they are cheap enough to be placed at many points. The drawback is that the IR sensors only measure at specific points, which means that knowledge about the equipment becomes important, as unexpected fault indicators might be overlooked (Lindquist, 2011) . Thus a system with sensors at specific points and thermography complement each other.
Outline of the paper
Thermography is not suitable for continuous monitoring of temperature at specific points in the equipment. A system with IR sensor is more suitable due to the reasons presented earlier. The papers by Zhang et al. (2012) , Huang et al. (2011) and Shi et al. (2002) describe systems with conventional sensors, but they do not explain how the monitored data should be interpreted, whereas Chudnovsky (2007) , Chudnovsky et al. (2008) and Livshitz et al. (2005) have illustrative examples of temperature data and both a linear and a quadratic model to explain the data. However, they study medium-voltage circuit breakers, with sensors in closed compartments, while this article studies sensors on disconnectors, which are outdoors, so the thermal flow is different. Also circuit breakers have longer time constants for the heat transfer than disconnectors. Hence the motivation for this paper is to develop models to explain the temperature values of sensors placed at the contacts of disconnectors. The sensors use infrared technology, which is a novelty.
As mentioned previously, the electric grid gets more heavily loaded, and it becomes more difficult to plan an outage in order to maintain a disconnector. Therefore it is valuable to monitor disconnectors in order to plan their maintenance more carefully. In addition, the measurements provide data for improved aging models of disconnectors. Thus the maintenance plan, even for the disconnectors that are not monitored, could be made more accurate.
In order to make good maintenance decisions, it is necessary to advance along the reliability chain in Figure 1 . The purpose of this study is to cover the first two steps of the reliability chain. The measurement system converts the actual temperatures to numbers, which in the second step are used to estimate the condition of the contacts in the disconnector. The condition can be used to sort the disconnectors according to the need for maintenance.
Section 2 includes a short description of the electrical system in order to explain where the disconnectors are installed and the function of the disconnector. Section 3 introduces the measurements and the preliminary data treatment. The modelling is presented in Section 4, with three different models. Finally the results are discussed and future work is presented in Section 5. 
The electrical system as an application
The section gives some background information on the electric transmission system and its components, as the disconnectors. In Sweden, the electric grid is divided in three parts: national grid, regional grid and local grid, as illustrated schematically in Figure 2 . Sometimes, the terms electric power transmission network and electric power distribution network are used. The flow of electric power is from the right to the left in the lower part with decreasing voltages and, as a consequence, decreasing length of the poles. The connection in the upper part between the producer and the consumer represents economic transactions.
Electric transmission system
The electric transmission system consists of overhead lines and, occasionally, cables that transmit electric energy across a country, with interconnections to other countries. The lines connect at substations, which serve to lower the voltage and to distribute electric power. The transmission system is in general meshed, which means that there are several paths between two points, and it uses the highest voltages, in Sweden 400 kV and 220 kV (kilovolts). Figure 3 shows the Swedish transmission system, which consists of 15,000 km of lines and 150 substations (Svenska kraftnät, 2014) . The transmission system is divided into four bidding areas (elområde in Swedish) based on the bottlenecks in transmission capacity.
Equipment at the substations
In the substations there are transformers, which lower the voltages, for example from 400 kV to 220 kV. There are also switches, which are of two different types: disconnectors, also known as disconnect switches or isolator switches, and circuit breakers. The purpose of the disconnector is safety, to isolate certain equipment from high voltages and it is not designed to break currents. The circuit breaker is the actual breaker of the current.
The studied disconnectors are so called centre-break and they consist of two arms, which can rotate around a ceramic insulator. The ends that are not connected to the insulators join each other when it is closed. Figure 4 shows how the disconnector is constructed. Most of the time the disconnector is closed and carries current and it is only opened a few times every decade, during maintenance of other equipment.
In order to prevent failures in the disconnectors, the possible causes should be studied. The resistance can increase in the contacts points, both in the main contact between the two arms and in the contacts between the moving arms and the connecting cables. A high resistance causes high power losses according to Joule's law (P = R · I 2 where P is the power, R the resistance and I the current). With high power losses, the temperature of the conductor will rise, which could cause damages in the material. Consequently, the contact resistance could be regarded as a condition to monitor. 
Measurements and preliminary data treatment
The objects of this study are six 400 kV disconnectors at two substations in Sweden. The disconnectors were chosen since they represent a stratified sample of the population, as the disconnectors are from three different decades: 1970s, 1980s and 1990s. Nine temperature sensors have been placed on each for the project. There are three sensors along each of the three phases, two at the contacts between the two moving arms and the respective support and one at the contact between the arms as seen in Figures 5 and 6 . There are also reference sensors at each substation in order to record the ambient temperature. The temperature is transmitted every eight minutes to a base station at the substation by radio, so there are no cables to the sensors, which is necessary since the sensors are placed on surfaces that are at high voltages. An insulated pole has to be used to place them. The sensors have a battery with a design life of ten years. The accuracy of the temperature sensors is ±0.5 degrees centigrade. The data has to be cleaned from unjustifiable values, mostly values near the absolute zero, which are due to error in the measurement sensors. Also there are time intervals, where there is no data, due to some communication problems. Figure 7 shows data from the sensor at the centre contact of phase 1 of the three phases for one of the disconnectors. The two empty intervals around 60 and 100 days after the start of the measurements are due to a malfunction of the data collecting system.
The distribution of the temperature at one contact is shown in Figure 8 , which has a mean of 0.48°C and a variance of 35.7 (°C) 2 , which gives a standard deviation of 5.97°C. The variation is quite large around the mean. In order to understand this variation, the temperature at a contact is compared with the reference sensor, which is not heated by the current that goes through the disconnector. A problem when making this comparison is that some sensors transmitted data 15 times as often as the others. Furthermore, the data has to be interpolated since the sensors are not synchronised in time. The interpolation is linear and an example result is shown in Figure 9 where there is a temperature drop during three winter days in December 2011. There is a difference between the two sensors of less than ten degrees, which will be explained in the following sections. 
Modelling of the data
In this section three models are presented to explain the temperature variation of the contacts. The first model includes only the temperature of the reference sensor, whereas the other two include also the current, linearly and quadratically.
A basic model
In order to get a relation between the temperature of two sensors, the time series have been plotted against each other as in Figure 10 . In all the figures the data comes from two sensors on the same disconnector, one is called phase 1 centre and it is placed at the contact between the arms, the other one is called reference and it measures the ambient temperature. A basic first step is to make a linear regression, i.e., to fit a equation:
where T 2 and T 1 are the temperatures at the two sensors at the same time and b 0 and b 1 are two parameters to be determined. The result is shown in Figure 10 . The linear regression is a way to explain the variation of one sensor with the variation of the other. Since there are more than two temperature pairs, let it be n, the system of equations is over-determined and the solution is given by a least squares algorithm. That is, the equation system to be solved is:
for i going from 1 to n and the sum of all 2 i ε should be minimised [Hogg and Tanis, (1993), pp.488-509] . The ε i is called residual for each pair and represents what could not be explained by formula (1). The results from one disconnector are shown in Table 1 . The sensors at the contacts are regressed against the reference sensor. It is important to study the residuals to find out how successful the regression was in explaining the variation of T 2 . Figure 11 shows the histogram of the residuals from the regression of phase 1 centre against the reference sensor. The variance of the residuals is 4.04 (°C) 2 . In order to investigate how much of the behaviour of T 2 is explained by this model, it is useful to divide the variance of the residuals by the variance of T 2 , in this case phase 1 centre, and then subtract the result from 1. This measure is called R 2 and amounts to 0.89, which is quite good, since it lies always between 0 and 1 and the closer R 2 is to 1, the better is the model [Sen and Srivastava, (1990) , p.14]. There are other measures that characterise the distribution of the residuals as the skewness, which is 2.22. This means that the right tail is bigger than the left tail.. A symmetrical distribution has a skewness of 0. The kurtosis or excess is 14.3, which means that the distribution is much taller than the normal distribution around its mean. The skewness is calculated as the sum of the third power of the deviations from the mean and the kurtosis as the fourth power. Both are normalised by the standard deviation to a suitable power, so that they become dimensionless [Cramér, (1945), pp.183-184] . The temperature data of phase 1 centre has a skewness of -0.46 and a kurtosis of 3.35, which is close to 3, the kurtosis of the normal distribution. Thus the distribution of the residuals differs more from the normal distribution than the distribution of the temperature values. This reveals that there should be some more factors to investigate.
The sensors at the contacts are about seven or eight degrees colder than the reference sensor according to the coefficient b 0 . The reason for this is that the reference sensor is placed on the driving mechanism, which is heated. When the reference sensor gets warmer, the temperature of the contacts increases with about the same amount, which is the same that b 1 is nearly 1. As the purpose is to rank the different contacts according to their condition, it is valuable to estimate the variation of the parameters in relation to their value. The measure is the standard deviation divided by the mean, which is -0.103 for b 0 and 0.0251 for b 1 . This model explains between 0.89 and 0.95 of the variation in the sensors at the contacts, which is seen as a good result.
A linear model
Although the basic model, formula (1), explained a great amount of the variation in the data, it was shown in the second last paragraph of the preceding subsection that there are something unexplained in the variation of the temperature. A factor to be accounted for is the current, which is shown in Figure 12 . The values of the current are given as an hourly average. Hence, these values need to be interpolated in order to facilitate the regression with the temperature values measured every eight minutes. The interpolation is linear. The temperature residuals are plotted against the current to investigate the influence of the current on the temperature. In order to make a comparison to the linear models presented in Livshitz et al. (2005) and Chudnovsky (2007) , the following linear model for the influence of the temperature on the current has been tried:
This model gives the results in Table 2 . The biggest variation is in the parameter k 1 , whose standard deviation divided by its mean is 0.350. The same measure of variation gives 0.0175 for b 1 and -0.0390 for b 0 . 
A quadratic model
Since the dots in the scatter plot in Figure 13 could be overlapping, it is valuable to study the two-dimensional histogram in Figure 14 . The histogram is also normalised for each interval of values of the current and plotted in colour, so the most common temperature residual is the reddest (the brightest in black-and-white). The curve following the brightest spots looks quadratic, which corresponds to the results in Chudnovsky et al. (2008) . According to Joule's law, P = R · I 2 where P is the power, R the resistance and I the current, the power losses increase with current and so does the temperature. Hence a regression is made to get the parameters b 0 , b 1 and k 2 in the equation: Table 3 shows the parameters b 0 , b 1 and k 2 with the different sensors on the same disconnector as in the preceding section as T 2 and the reference sensor as T 1 . Figure 15 shows the result of the regression. The biggest variation is in the parameter k 2 , whose standard deviation divided by its mean is 0.338. The same measure of variation gives 0.0194 for b 1 and -0.0497 for b 0 . 
Discussion
When comparing the offset for the different models, b 0 , it can be seen that it decreases when going from the basic to the linear model and then it increases slightly when going to the quadratic model, as illustrated in Figure 16 . In the basic model, b 0 will be higher since it will be the mean for all currents, whereas in the linear model the temperature rise increases from a lower level with the current. The increase of the parameter b 0 in the quadratic model is due to the fact that the lower currents will give relatively lower increase of the temperature. The parameter b 1 is about the same for all models, just below 1, which is expected, since a change of the outdoor temperature should be followed by a similar change of the contact temperature. There is a significant difference in the variation of the parameters between the basic and the linear model. In the linear model the parameter k 1 has clearly most variation among the three parameters and the variation of b 0 decreases when going from the basic to the linear. It is interesting to note in Figure 17 that k 1 and k 2 show a similar pattern. For example, the highest values are seen for phase 3 left followed by phase 1 left and phase 2 right. The parameters k 1 and k 2 can be regarded as a measure of the contact condition and they may be used instead of the contact resistance. Since the parameters are ratio scales, they can be used to rank disconnector contacts of a population. Then it is possible to decide which disconnector should be maintained first, even though the remaining life cannot be calculated. This is a first step of condition-based maintenance. The degree of explanation, R 2 , has increased from between 0.887 and 0.954 for the basic model to between 0.922 and 0.976 for the quadratic model. The different R 2 -values are shown in Figure 18 for the three models and the nine contact sensors regressed against the reference sensor. The quadratic model is the best and the linear model the second best. A straight-forward model with the outdoor temperature and the current can explain a great amount of the variation of the temperature of the contacts with one parameter that depends on the contact. It is also possible to test with different exponents of the current I. Then 2.0 is the best exponent for nearly all of the tested sensors. Some sensors have a difference in the exponent of about ±0.3. Thus, a quadratic formula is reasonable. The difference in R 2 between the linear and the quadratic model is small. This is due to the overwhelming majority of small currents, less than 1,000 amperes, well below the maximum permitted current, 3,150 amperes. With a higher current there is a significant difference in the result. Figure 15 shows that for currents greater than 1,500 amperes (the right-most part of the graph), the quadratic model (the solid curve) fits the data better than the linear model (the dashed line). Another advantage is that the quadratic model corresponds to Joule's law.
In comparison to Zhang et al. (2012) , Huang et al. (2011) and Shi et al. (2002) , we have provided a method to interpret the data. Huda and Taib (2013) presented a more complex method, as it requires a more expensive sensor (thermographic camera) and complicated algorithms, even though the regions of interest must be selected manually. Furthermore, Huda and Taib (2013) do not consider the current, so a faulty condition with a low current might not be detected. Past measurements are not taken into account and the repeatability of thermography is a difficulty when interpreting a time series.
We have applied both the linear and the quadratic model presented in Chudnovsky et al. (2008) to disconnectors when they studied circuit breakers. The result is the same: the quadratic model is better. Muhr et al. (2006) claim that the exponent of the current is between 1.5 and 1.9, whereas our measurements give an exponent of 2.0 with a total variation of ±0.3, which fits with Joule's law.
Our R 2 -values for the different models, which shows how well the model explains the data, are lower than those presented in Chudnovsky et al. (2008, -values between 0.91 and 0.98. A plausible reason for this is that their sensors are placed in closed compartments in equipment placed indoors. So, unlike our apparatus, there could not be any temperature changes due to the effect of solar heating or wind. Also the studied equipment, circuit breakers, has longer time constants.
Conclusions and future work
In this paper we have studied disconnectors and presented a measuring system, which can estimate the condition of the contacts. The system uses IR sensors fixed at the contacts to measure their temperature continuously. We have covered the first two steps of the reliability chain for disconnectors. The first step, measurements, is working with some problems connected to the new measurement technology, and we have found a method of condition estimation, which is the next step. With a straight-forward regression on the ambient temperature and the current, it is possible to rank the contacts in a disconnector population. This can lead to improved maintenance decisions and corresponds to a simplified version of the later steps in the reliability chain. By using extrapolation it can be investigated if it is likely that a disconnector will exceed temperature fault criteria at nameplate rating currents. Hence, it becomes possible to indicate faulty disconnectors before critical events take place. In addition disconnection of healthy components can be avoided, resulting in a total system performance improvement.
This study shows that the models applied to indoor circuit breakers in Chudnovsky et al. (2008) can also can be used for disconnectors, in a more exposed environment, outdoors. Their two models, linear and quadratic, have been tried and the quadratic model fits the data better. As expected, the temperature rise is proportional to the transferred power.
This paper studies one kind of disconnector, with two different kinds of contacts, one in the centre and two at the sides. The different contacts will be compared in a coming study, since they are constructed in different ways and have different thermal characteristics. Another future task is to understand how the parameters determined by the regression change with time. Both Braunovic et al. (2005) and Korendo and Florkowski (2001) have provided methods to analyse time series of the contact resistance. The current measurement period may be too short in order to observe changes in one disconnector. Hence, it is necessary to compare the conditions of the six disconnectors, since they are from three different decades. Another thing to be developed is a criterion for detecting failures. The influence of wind and solar radiation should also be estimated and possibly included in the model, using, for example, the study by Muhr et al. (2006) .
